Within this issue of Neurogastroenterology and Motility, an article by Pohl et al highlights new insights from a powerful porcine model of the link between early life adversity and relapsing functional gastrointestinal disorders. Early weaning stress closely mimics the early life psychosocial stressors that have been linked to adult onset gastrointestinal dysfunction. This early weaning model provides reproducible and highly translatable outcomes in young stress-challenged pigs. Due to the convincingly comparable neurological and gastroenterological anatomy and physiology between pigs and human beings, gastrointestinal stress and injury studies utilizing swine models will provide invaluable insights to improve our understanding and treatment of gastrointestinal disease in human beings. Future studies to examine mechanisms underlying this link between early life adversity and functional gastrointestinal disorders will explore the roles of gender and hypomaturity in gastrointestinal responses to stress.
| EARLY LIFE STRESSORS AND GI DYSFUNCTION IN HUMANS
Early life adversity (ELA) has repeatedly been shown to be associated with an increased incidence of chronic gastrointestinal (GI) disease in adulthood. 1 For example, there is a correlation between instances of childhood abuse and adult functional GI disorders (FGID). 2, 3 Traumatic childhood events such as physical or sexual abuse are thought to predispose individuals to psychological distress and exaggerated reactions to stress, manifesting as worsened symptoms of and increased disability from FGID. 2 It is important to note key gender differences related to childhood sexual abuse; there is a heavy bias toward increased female representation in victims reporting sexual abuse, and increased susceptibility of female victims to developing posttraumatic stress disorder. 4 Higher levels of psychological distress such as anxiety and depression increase the likelihood of developing irritable bowel syndrome (IBS) following GI infection. 5, 6 Childhood relationship deprivation may correlate with increased adulthood FGID; 61% of IBS sufferers report having had an 'unsatisfactory' relationship with their parents, supporting the notion that a number of different sources of stress can lead to future development of FGID such as IBS. 7 In addition, restricted fetal growth also correlates with increased incidence of FGID. In particular, low birthweight significantly increases incidence of IBS and hastens the onset of illness into adolescence. 8 These studies suggest that even prenatal stressors that lead to low birthweight may also contribute to FGID. Ongoing studies to understand mechanisms involved in this process are critically needed to uncover novel and more effective clinical interventions for FGID patients.
| TRANSLATIONAL ANIMAL MODELS FOR STRESS AND GI RESEARCH
Studying such a complex and somewhat nebulous concept of childhood stress poses a significant challenge in developing research models. Rodent studies utilizing early maternal separation have shown promise in furthering our understanding of the complicated relationship between ELA and FGID. For instance, rat models utilizing neonatal maternal separation of early life stress reproducibly induce visceral hypersensitivity to acute stressors. 9 However, it is important to consider that rodent models, while informative and important to building our understanding of human disease, often fail to fully recapitulate human GI biology and disease because of fundamental differences between rodent and human GI tracts. 10 For example, the human and porcine ENS have interneuronal networks and plexi that rodents do not have, and neurotransmitter associations with particular neuronal subtypes is more common between humans and pigs than between humans and rodents. [11] [12] [13] Translating findings from rodent models of early life stress to effective clinical interventions for FGID patients has been slow and inconsistent. 14 On this basis, large animal models, particularly swine, have been increasingly appreciated as an important translational model for the study of human GI biology due to their remarkably similar GI anatomy and physiology. 15, 16 Of particular psychological importance, the gyrencephalic neuroanatomy is advanced in both human beings and pigs, suggesting pigs have similar higher centers related to interpretation of social and physical stress. 17 Additionally, perinatal developmental stages of the porcine intestinal mucosa, including the subepithelial immune system and enteric nervous system, are more similar to human infants as compared to neonatal rodents. 12 In the present issue, Pohl et al utilize a powerful translational swine model of stress-induced digestive disease refined for over a decade by this research group.
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| WEANING STRESS AS A TRANSLATIONAL MODEL
Human infants and neonatal swine experience significant stress in early life associated with homeostatic changes related to birth and weaning. Adaptive changes to these early life stressors are likely contributors to future GI disease susceptibility. While the early life stressors, both psychological and physical, experienced by people may vary from those experienced by young pigs, they likely have a similar biological potential to challenge homeostasis and induce pathophysiological changes during the highly plastic phases of early development. 12 In United States swine production, it is common practice to wean piglets at approximately 3 weeks of age, at least 1 week earlier than the standard weaning age in the European Union that was developed to reduce stress in livestock production. 19 In the early weaning stress (EWS) model employed in the accompanying article, EWS pigs were weaned at 15 days of age, while control animals were weaned at the 28 days of age. 18 Previous studies by this group have established that EWS in piglets, including early maternal deprivation and an abrupt change in environment, diet, and companionship, induces significant psychological, dietary, and environmental stress that closely mimics human ELA. The link between ELA and FGID is still not completely understood, but this emerging area of research along with previous work from this group highlights the effects of ELA on both short-term (9 weeks of age, juvenile) and long-term (20 weeks of age, adult) intestinal permeability, immune function, and overall measurable GI disease. [20] [21] [22] One mechanism contributing to this EWS-FGID pathogenesis is the activation of the hypothalamic-pituitary axis leading to increased release of corticotrophin-releasing factor (CRF) and cortisol in juvenile pigs that have effects on intestinal function. 20, 22 Interestingly, previous work has shown upregulation of CRF receptors that have been co-localized with markers of mast cells, 22 suggesting a more direct hypothalamic-intestinal axis during stress.
In a previous EWS model, both EWS (3 weeks of age) and lateweaned (4 weeks of age) pigs had marked increases in serum cortisol at the time of weaning, suggesting that the perceived weaning stress is comparable in both age groups. 21 Interestingly, in this previous study, increased levels of cortisol were detected in later weaned pigs, but there were higher elevations in CRF in the earlier weaned pigs. The disparity in response to EWS by the younger animals along with the apparent importance of CRF suggests there is an increased inherent susceptibility to GI dysfunction in younger pigs, likely associated with F I G U R E 1 Preliminary functional magnetic resonance imaging (fMRI) data on a pig with early weaning stress using the technique of blood-oxygen-level-dependent (BOLD) contrast imaging.
Intestinal hypersensitivity was noted by fMRI BOLD highlighting the cingulate cortex region of the brain (intense orange coloration within the 'crosshairs') in response to inflation of a balloon tipcatheter inflation within the rectum/descending colon. The pig was under general anesthesia, and positioned with the nose to the left in a horizontal plane, and with the corpus callosum (CC), cerebellum (C), and brain stem (BS) indicated for the purposes of orientation. Pigs in the absence of early weaning stress (ie, late weaned) had very little BOLD signal with the same level of rectal distension. This technique is similar to that used in people as a diagnostic method to detect visceral hypersensitivity and by inference, IBS. The increased detection of oxygenated blood within specific regions of the cortex can be quantified, and has been used as an indicator of increased visceral input to regions of the brain involved in interpreting visceral pain. These data were collected in a preliminary trial performed by Pease A, Moeser AJ, and Blikslager AT, to evaluate the feasibility of fMRI BOLD in pigs under NC State Institutional Animal Care and Use Committee approval the action of CRF on enteric mast cells and possibly the hypomaturity of the enteric and central nervous systems. 21 The present study by Pohl et al also highlights the role of EWS in chronic FGID characterized by chronic, functional diarrhea into adulthood, associated with persistently increased mast cell numbers, particularly near enteric ganglia, and persistently increased intestinal permeability. 18 This is consistent with the primary underlying pathology associated with the development of IBS in people, particularly increased mast cell activation, 23, 24 and associated with increased gut permeability. [25] [26] [27] Overall, the gut is thought to become hypersensitive to stimuli, with strong evidence of a direct link to the higher centers of the brain that sense pain (Figure 1 ).
| INTESTINAL REPAIR DEFECT IN NEONATAL SWINE
Intestinal jejunum. This appears to be linked to immature development of the enteric nervous system, and may contribute to the pathogenesis of FGID both in early life and adulthood. We know that the enteric nervous system (ENS) serves as the link between brain-gut axis and is intricately involved in visceral sensation, motility, absorption and secretion, and intestinal barrier function. 29 The ENS is hypomature at birth in both pigs and humans, and it undergoes significant postnatal changes. 30, 31 There is remarkable plasticity in the ENS during the development and adaptive phases in early growth periods and alterations in these processes have the potential to lead to lifelong alterations in GI physiology. 32 A growing body of evidence indicates that enteric glial cells, a previously under-appreciated community of cells critical to the ENS, plays a pivotal role in promoting intestinal epithelial repair and barrier function. This is achieved by enteric glial cell release of paracrine factors such as glial-derived neurotrophic factor, pro-epidermal growth factor, 11β prostaglandin F 2α , and S-nitrosoglutathione. [33] [34] [35] [36] Enteric glial cells form a dense network in the lamina propria in close proximity to intestinal epithelial cells, and we know that this network continues development into the postnatal period. [37] [38] [39] Preliminary work from our laboratory has
shown that the number of glial cells and the relative extent of the glial cells network appear to be reduced in neonatal pigs as compared to older animals.
| CONCLUSION
There is a clear connection between ELA and FGID. The present study, together with a growing body of evidence, has revealed that early life stress induces changes in intestinal permeability, enteric nervous system development, CRF release, and mast cell activation that are critical components of FGID development that is conserved across higher order mammals. 12 Pohl et al have also identified an important sexrelated variation in response to EWS in that female pigs demonstrated enhanced susceptibility to FGID outcomes. 18 Further studies utilizing increasingly important swine models discussed in this review may well provide a better understanding of the role of sex hormones and hypomaturity in the development of GI disease, and will likely uncover novel approaches to treating FGID patients.
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